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Abstract

Cyclic olefin copolymers are one of the new families of olefinic copolymers made available by metallocenes. Owing to their unique combination
of properties, they are engineered polymers which are produced and commercialized. This review provides an overview of recent progress
regarding ethene (E)– and propene (P)–norbornene (N) copolymerization with early transition metal catalysts. Metallocenes and some of post
metallocene catalyst precursors most frequently utilized for the synthesis of norbornene copolymers are presented.
The synthesis and the experimental studies which provided our current knowledge of factors governing copolymerization activity, copolymer
tacticity, and molar mass are reviewed. In particular, we focus on the elucidation of E–N and P–N copolymer microstructure through13C
NMR analysis. Advances in signal assignments of the complex spectra of these copolymers are reviewed together with various methodologies
utilized to achieve them. The microstructural description of the E–N chain, attained from such assignments, is summarized along with
information achieved on the copolymerization mechanisms. The detailed information on the microstructure of these copolymers at tetrad or at
pentad level has been applied to determine the kinetic copolymerization parameters and shed light on the polymerization mechanisms. Finally,
a few relevant topics which contribute to our understanding of the mechanisms of initiation, propagation, termination, and chain-transfer
steps are presented. These include a few examples of modern density functional calculations, chain end groups analysis, and synthesis of
hydro-oligomers.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Norbornene copolymerization; Metallocene catalysts; Copolymer microstructure;13C NMR analysis; Statistical models; Polymerization mechanisms
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hart 1. Cyclic olefins that are polymerized by metallocene catalys
ddition: (a) cyclobutene; (b) cyclopentene; (c) norbornene; (d) 1,4,5,8
thano-1,2,3,4,4a,5,8,8a-octahydronaphtalene (DMON); (e) 1,4,5,8

rimethano1,2,3,4,4a,5,8,8a,9,9a,10,10a-dodecahydroantracene (TM

cheme 1. The two alternative polymerizations of cyclic olefins: via
pening metathesis (ROMP) and via addition.
1. Introduction

The discovery and the development of well defined met-
allocene catalysts[1] have opened great opportunities for
the synthesis of a wide range of polymers with selected
architectures. Catalysts are now available for unprecedented
control of poly-�-olefin stereospecificity and properties and
for the synthesis of new polyolefin families[1]. By using
such catalysts, the cyclic olefin polymers can be synthesized
via addition polymerization without ring-opening metathe-
sis in contrast to the behavior of conventional heterogeneous
Ziegler–Natta catalysts[2]. Cyclic olefin monomers that can
be polymerized using metallocene catalysts via addition are
shown inChart 1: they include cyclopentene, cyclobutene,

and norbornene[3]. They provide a new class of polymeric
materials with interesting properties.Scheme 1illustrates the
two alternative polymerizations of cyclic olefins: via ring
opening metathesis (ROMP) and via addition.

The overall ROMP reaction involves breaking and reform
ing olefin double bonds with simultaneous opening of th
unsaturated cycles of the monomers[4]. The release of ring
strain[5] provides the main driving force required to over
come the unfavorable entropy change in polymerisation[6,7].
Accordingly, low-strained cyclohexene is difficult to poly-
merize[8], while norbornene having a ring strain of more tha
15 kcal/mol undergoes reaction readily with a large numb
of metathesis catalysts[9].

On the other hand, the reactivity of cycloolefin in addition
polymerization is strongly influenced by the ring strain
of the cyclic olefin as well as by the non-planarity of the
reacting double bond, which can be described by symmet
or antisymmetric deformation (cycloolefins with symmetri
out-of-plane such as norbornene and cyclopentene can
polymerized; cycloolefins with antisymmetric out-of-plane
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Fig. 1. COCs considered in this review: E–N copolymers (R = H) and P–N
copolymers (R = Me).

bending such as cyclooctene cannot be homopolymerized).
Moreover, the possibility of monocyclic monomers like
cyclopentene of undergoing�-hydrogen elimination, which
leads to isomerization and termination of the growing
polymer chain has consequences for the polymer structure
and polymer molar mass[10].

Saturated cycloaliphatic polymers, having high decompo-
sition temperatures, small optical birefringence, good trans-
parency for short wavelength radiation and high plasma etch
resistance, are suitable for advanced photoresist composi-
tion in the microelectronic industry[11]. Such polymers can
be obtained for example by palladium, nickel, and cobalt
catalysts[12]. However, cycloolefin homopolymers by met-
allocenes are not processable due to their low solubility in
organic solvents and their melting points are higher than the
decomposition temperature[3].

Among the new polymer families,ansa-metallocene cat-
alysts enable the synthesis of cyclic olefin copolymers
(COCs) with various comonomer content and microstruc-
tures. Among them the most versatile and interesting ones are
the ethene (E)–norbornene (N) copolymers (Fig. 1, R = H).

They were first synthesized by Kaminsky et al. withansa-
zirconocenes in 1991[3]. Since then, both academic and
industrial groups have focused their research interest on
COCs. Ticona (formerly Hoechst) and Mitsui have developed
these copolymers to commercial products TOPAS[13] and
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and on the elucidation of their microstructure through13C
NMR analysis. With respect to norbornene homopolymers
prepared in the presence of the same catalysts, the copolymers
have the great advantage of being processable. Their proper-
ties depend on many parameters, such as the comonomer
composition, the distribution of comonomers within the
chain, and also the chain stereoregularity, which are deter-
mined by the structure of the catalyst precursor. The design
of norbornene based materials with given features requires a
detailed description of the microstructure of copolymers as
well as a deep understanding of the relationships between the
microstructure and the material properties. Although the first
synthesis of E–N copolymers was reported as early as 1991
[3], their microstructure has only recently been thoroughly
investigated.

13C NMR spectroscopy is surely the most powerful analyt-
ical tool for polymer microstructural investigation. However,
E–N copolymer spectra are quite complex for the presence in
the polymer chain of two stereogenic carbons per norbornene
unit and for the fact that the chemical shifts of these copoly-
mers do not obey straightforward additive rules, owing to the
bicyclic nature of the norbornene structural units. Thus, until
recently analyses of13C NMR spectra were scarce and the
calculation of N mol% in the copolymers was only straight-
forward in the case of copolymers with not too high N content.

A description of these copolymers as well as a detailed
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PEL [14], respectively. E–N copolymers are usually am
hous and display a wide range of glass transition tem
tures, from room temperature to about 220◦C. They show
xcellent transparency and high refractive index becau
heir rigid bicyclic monomer units, high chemical resistan
nd good processability[15]. These properties, imparted

he norbornene component, make COCs suitable for
al applications such as coatings for high-capacity CDs
VDs, for lenses, medical equipments, blisters, toner bin
nd packaging.

In this review, we summarize recent progress regar
orbornene copolymerization via addition. An overview

he early transition metal catalysts used for the synth
f norbornene copolymers will be given. InChart 2 the
tructures of some of the metallocenes most frequently
or olefin-norbornene copolymerizations are presented
ourse metallocenes are catalyst precursors, which nee
ctivated by cocatalysts, the most widely used being m

aluminoxane (MAO).
In particular we focus on the synthesis of ethene-

ropene co-norbornene polymers catalyzed by metalloc
nderstanding of the processes and mechanisms inv
n these copolymerizations proved difficult to be achie
nly in the last few years have a number of groups acce

he challenge of assigning the13C NMR spectra of E–N
opolymers. Advances in signal assignments will be revie
ogether with various methodologies utilized to ach
hem.

We shall discuss how the detailed information on
–N chain microstructure has been applied to determin
inetic copolymerization parameters and shed light on
olymerization mechanisms.

Recently, there has been also intense interest in
hesizing E–N copolymers with a variety of late transit
etal catalysts, namely nickel and palladium based cata
hich are tolerant towards polar groups. Late transition m
atalyzed ethene cycloolefin copolymerization will not
overed by this review, however a list of relevant pape
ncluded[16].

. Ethene–norbornene copolymers

.1. Structure

Early studies showed that norbornene in metallocene
lyzed copolymerization is enchained bycis-2,3-exo addition

3]. A segment of an E–N copolymer (EENEE) in which n
ornene can be considered isolated from other norbo
nits is shown inFig. 2along with the adopted numbering
arbon atoms.Fig. 3gives an overview of possible segme
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Chart 2. Structures of the most frequently used metallocenes for olefin-norbornene copolymerizations.

of an E–N copolymer chain in which norbornene units are
in alternating (ENENE), diad (ENNE) and triad (ENNNE)
sequences, without considering stereochemical differences.
The adopted numbering of norbornene carbons, which is sim-
ilar to that of other authors[17], has been chosen in order to
indicate differences in assignments; thus, C2, C1, and C6 are

Fig. 2. A segment of E–N copolymer chain (EENEE) with isolated nor-
bornene unit, showing the numbering of carbon atoms.

always closer to another norbornene unit than atoms C3, C4,
and C5, respectively.

Besides the different comonomer sequences, we note that
configuration at atoms C2/C3 in a ring can be either S/R
or R/S, so the relationship between two subsequent nor-
bornene units can be either erythrodiisotactic (meso) or ery-
throdisyndiotactic (racemic). The possible stereochemical
environments of norbornene in alternating sequences, diads
and triads are illustrated inFig. 4. Erythrodiisotactic and
erythrodisyndiotactic microstructures of ENENE and ENNE
segments can be obtained depending on the catalyst structure
[18].

2.2. Methodologies for signal assignments

The 13C NMR spectrum of an E–N copolymer with
50.8 mol% of norbornene produced by catalystrac-Et



216 I. Tritto et al. / Coordination Chemistry Reviews 250 (2006) 212–241

Fig. 3. Segments of E–N copolymer chain with norbornene in alternating
(NENEN), diad (ENNE) and triad (ENNNE) sequences, with the adopted
numbering.

(Indenyl)2ZrCl2 (I-2) is shown inFig. 5. General assign-
ments of norbornene and ethene carbons allow us to divide
the simpler spectra into four regions and thus to calculate the
mol% of norbornene incorporated in the polymer[17,26]. At
a higher level of norbornene the spectra are more complex
and the four regions may overlap, since the various stere-
osequences of triads and longer norbornene sequences caus
splitting and shift of the signals, which can make even the
norbornene content uncertain.

2.2.1. Model compounds
In principle, the synthesis of model compounds of a

copolymer sequence offers the best approach to make cer-
tain assignments of the signals of the sequence and thus to
successfully determine the copolymer structure and tacticity.
The synthesis of model compounds is often very time con-
suming and not always available. The hydro-oligomerization
followed by isolation of hydroisomers can be used to inves-
tigate the structure and the tacticity of the isomers, which
can be considered as model compounds of a segment of the
copolymer chain. However, the higher the oligomerization
number, the higher is the number of possible stereoisomers
and the more tedious and difficult the separation process.
Arndt was able to isolate and assign the signals of all the pos-
sible norbornene hydrodimers and hydrotrimers by means of

hydro-oligomerization withansa-metallocenes having dif-
ferent symmetries[19]. These assignments have been very
important, although the results of molecular mechanics show
that dimers and trimers are poor models of polynorbornene
and of its higher oligomers, due to strong steric interactions
between non-adjacent units, which induce large deformations
of the torsional angles and of the ring geometry. Yet the dif-
ferences between dimers and trimers were used to understand
the shifts[17,20,19]. Very recently Fink and co-workers syn-
thesized, isolated, and characterized hydro-oligomers from
dimers to pentamers of norbornene byI-8/MAO [21]. They
found a new type of linkage in the tetramers and pen-
tamers, similar to one found by Arndt and Gosmann[22] in a
hydropentamer synthesized withI-1/MAO and characterized
by means of X-ray.

2.2.2. NMR pulse sequences
A first general assignment of methylene (C7) and methine

(C1/C4 and C2/C3) carbon atoms was achieved with the
help of distortionless enhancement by polarization transfer
(DEPT) 13C spectra. DEPT experiments allow one to dis-
tinguish between methyl or methine and methylene carbons:
the methine and methyl signals appear positive, while the
methylene ones are negative. This method does not allow
us to distinguish between ethene CH2 and C5/C6 methylene
carbons of norbornene in the region between 26 and 31 ppm.
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2D NMR techniques and INADEQUATE13C–13C corre-
ated NMR spectra were of great help to attribute resona
f norbornene diads and in correcting previous assignm
f ethene and norbornene methylenes. Bergström et al. by
sing13C–1H correlations, hmqc for one-bond correlatio
nd hmbc for two- or three-bond correlations were ab

dentify C5/C6 and C2/C3 of norbornene diads[23].

.2.3. Series of copolymers with different norbornene
ontent

The comparison of spectra of copolymers with dif
nt norbornene content, obtained by catalysts with diffe
ymmetries, has helped to assign a number of resona
owever, use of this method alone is rather limited in
ase of E–N copolymer spectra.

.2.4. 13C enrichment
13C NMR investigations based on comparison betw

–N copolymers of monomers with natural abundanc
3C and those obtained with13C1-enriched ethene or13C5/6-
nriched norbornene allowed Fink to determine the num
f C5/C6 or ethene signals and to make significant adva

n their assignments[24].

.2.5. Chemical shift prediction
Theoretical methods were also of help in the interpr

ion of the E–N copolymer spectra and in clarifying th
icrostructure. Independent and complementary supp

he chemical shift assignments can be achieved by inte
ng NMR spectra of polymers in terms of chain conformat
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Fig. 4. Alternating (NENEN), diad (ENNE) and triad (ENNNE) sequences, showing the possible configurations.

The approach is based on determining the stable conformers
by means of molecular mechanics and on considering such
conformation-dependent effects as the well-known�-gauche
effect [25]. Indeed, the results obtained with a RIS model
of the E–N copolymers[18] suggested for the first time and
proved the occurrence of the splitting of the signals ofmeso
andracemic alternating NEN sequences.

2.2.6. Least-squares fitting of peak areas
Extension of the assignment of unknown signals of13C

NMR spectra of E–N copolymers can be obtained by trial-
and-error through an analysis of the spectra based on a
procedure devised for computing the molar fractions of the
stereosequences that define the microstructure of an E–N
copolymer[26]. An appropriate partitioning of the molec-
ular chain into fragments, defined according to the assign-
ment level available, is necessary. The molar fractions of
such fragments represent one way for describing the chain
microstructure: the observed peak areas of the greatest pos-
sible number of13C NMR signals assignable (on the basis
of a list of known chemical shifts, such asTable 1in Ref.
[26], and of additional hypotheses) are utilized in a computer
program[26] to generate and solve a set of linear equations
where the molar fractions are the variables.

The various types of chain fragments (isolated, alternating
and blocks) defined in the calculation, which also distin-
guishes betweenmeso (m) andracemic (r) alternating units
and betweenmeso (M) and racemic (R) ENNE sequences,
are illustrated in Ref.[26].

2.2.7. Ab initio chemical shift computations
More recently, we found that advanced quantum-

mechanical methods for computing13C NMR magnetic
shielding[27–29]may be applied successfully to reproduce
stereo-chemical shifts of proper model compounds contain-
ing the norbornene moiety. These methods are particularly
useful to evaluate the effects of molecular arrangements for
which no empirical data are available, as in the case of the
distortions of the N ring. Thus, GIAO/DFT calculations[27]
utilizing the functional MPW1PW91 proposed by Barone and
Adamo[30] confirmed independently our most recent assign-
ments[26] related to ENNE sequences of E–N copolymers.

2.3. Alternating E–N copolymers

2.3.1. Synthesis and assignments
The synthesis of perfectly ordered sequences in copoly-

mers is still a challenge in polymerization catalysis; however
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Table 1
Alternating E–N copolymerization: activities and properties

Symmetry Catalyst Activity (kg pol/mol Mt h) [N]/[E] N mol% incorporated Tg (Tm) (◦C) Mw (×10−4 g/mol) Mw/Mn Ref.

Cs IV-1 21000a 0.4 12 35 16.4 [32]
33912a 1.0 22 – 34.1 – [32]
15960a 2.5 30 60 119.0 – [32]
11997a 6.8 40 94 86.2 – [32]

IV-2 4694a 2.0 34 67 40.1 – [32]
IV-3 520a 11.0 35 71 25.3 – [32]
IV-4 1399a 2.5 34 83 39.6 – [32]
VI-1 2730b 5.6 44 120 59.28 1.16 [34]
VI-2 2154b 5.6 – 121 51.71 1.24 [34]
VI-3 3186b 5.6 – 126 73.80 1.23 [34]

C1 VIII-1 1720c 9 44 121 39.78 1.17 [35]
VIII-2 580c 9 46 125 22.61 1.19 [35]
VIII-3 440c 9 35 123 22.50 1.50 [35]
VIII-4 3200c 9 48 135 87.78 1.54 [35]
III-2 1602d 15.6 46 118 (243) 43.1 – [38]
III-3 5600e 9.1 42 101 – – [39]
III-4 142d 13.3 39 103 (255) 0.89 – [38]

C2 I-6 30f 26.0 47 122 60.00 1.17 [51]

C1 VII-1 850g 21 26.2 44.8 20.44 1.4 [37]
VII-2 3510g 21 39.7 87.3 15.33 2.1 [37]
VII-3 176g 10 27.5 54.8 2.46 4.1 [37]

a Polymerization condition: MAO/Ti = 2000, [Ti] = 2× 10−5 mol/L; PE = 0.9–4.9 bar,T = 40◦C.
b Polymerization condition: MAO/Ti = 1250, [Ti] = 4× 10−6 mol/L; PE = 1.013 bar,T = 25◦C.
c Polymerization condition: MAO/Ti = 2000, [Ti] = 3× 10−5 mol/L; PE = 1.013 bar,T = 25◦C.
d Polymerization condition: MAO/Zr = 8620, [Zr] = 5× 10−6 mol/L; PE = 2.026 bar,T = 30◦C.
e Polymerization condition: MAO/Zr = 2200, [Zr] = 3.5× 10−5 mol/L; PE = 2 bar,T = 20◦C.
f Polymerization condition: MAO/Zr = 2000, [Zr] = 2× 10−5 mol/L; PE = 1.013 bar,T = 30◦C.
g Polymerization condition: MAO/Ti = 1200–2500, [Ti] = 1× 10−4 to 5× 10−5 mol/L; PE = 4 bar,T = 25◦C.

Fig. 5. 13C NMR spectrum of an E–N copolymer, showing the four dis-
tinct zones corresponding, from left, to carbons C2/C3, C1/C4, C7, and
ethene CH2 and C5/C6. (Reprinted with permission from Macromolecules
33 (2000) 8931, Ref.[26].)

two strategies are available for the synthesis of mainly
alternating copolymers which respectively consist in using:
(i) catalysts with homotopic sites whose rate of homopoly-
merization of one monomer is faster than that of the other
monomer; (ii) catalysts with heterotopic sites. The synthesis
of alternating E–N copolymers was first disclosed by
Cherdron without indication of the catalyst used[23]. Some
relevant results of alternating E–N copolymerizations are
reported inTable 1. Chart 3shows examples of homotopic
catalysts used for these syntheses. Catalystrac-Me2Si(2-
Me-[e]-benzindenyl)2ZrCl2 (I-6) with C2 symmetry has
been already shown inChart 2:

(i) Catalysts with homotopic sites (Cs and C2 symme-
tries). Alternating E–N copolymers have been produced
with “constrained geometry” catalyst (CGC) monocyclopen-
tadienyltitanium amido Me2Si(Me4Cp)(NtBu)TiCl2 (IV-1)
[32,33]. Bis(pyrrolide-imine)Ti (VI) complexes in conjunc-
tion with MAO produced mainly alternating E–N copoly-
mers by living polymerization[34]: the high N affinity
and the fast N insertion are thought to arise from the ster-
ically open and highly electrophilic nature of the active
site. New titanium complexes with two non-symmetric
bidentate beta-enaminoketonato (N,O) ligands, [(Ph)NC(R-
2)C(H)C(R-1)O]2TiCl2 (VIII) with aC2-symmetric confor-
m )
ation [35], with modified methylaluminoxane (MMAO
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Chart 3. Examples of catalysts with homotopic sites utilized for the synthesis of alternating E–N copolymers.

as a cocatalyst, are capable of promoting the quasi-living
copolymerization of ethene with norbornene at room temper-
ature, yielding high molecular weight alternating copolymers
with narrow molecular weight distributions. Other exam-
ples of catalysts yielding alternating E–N copolymers are
dicarbollide catalysts (η′5C2B9H11) (-C2B9H11)M(NEt2)2
(NHEt2) (M = Ti or Zr) (V) [36] and non-bridged (aryloxo)-
cyclopentadienyltitanium(IV) (VII) complexes[37].

The microstructure of these copolymers is atactic.
Indeed, it is similar to that of copolymers obtained by
Me2Si(Me4Cp)(NtBu)TiCl2 (IV-1), which was elucidated
with the help of the correlation between13C NMR chemical
shifts and average chain conformation computed by molecu-
lar mechanics and resulted to contain bothmeso andracemic
NEN sequences[18].

Mainly alternating E–N copolymers have been
obtained with theC2 metallocenerac-Me2Si(2-Me-[e]-
benzindenyl)2ZrCl2 (I-6). This catalyst yields mainly
isotactic alternating copolymers.13C NMR analysis and
quantitative computation of polymer sequence distribu-
tion and tacticity demonstrated and quantified the major
microstructural features and differences between copoly-
mers obtained by catalystsI-6 and IV-1 [43]. The former
alternating copolymer contains onlymeso NEN sequences,
the tacticity of the alternating sequences being induced by
the catalyst symmetry. Here, the formation of NN diads is
disfavored but, surprisingly, a significant amount of NNN
triads is observed.

Two trends common to all E–N copolymerizations by
ansa-metallocenes are: (i) increase in N concentration in a
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polymerization feed results in a decrease in catalytic activity,
likely due to the facility of N coordination to the active
sites, and in an increase of N content in the copolymer up
to a plateau, which depends on the catalyst structure; (ii)
molecular mass of the copolymer often increases with the
increase of the norbornene content.

(ii) Catalysts with heterotopic sites (C1-symmetry). The
dual coordination sites ofC1-symmetric metallocenes was
exploited by Arndt and Beulich[38], Fink and co-workers
[39], and Harrington and Crowther[40] to control the
sequence specificity in E–N copolymerization. Highly alter-
nating stereoregular (isotactic) E–N copolymers have been
synthesized with theC1-symmetric, bridged metallocenes
R2C(Flu)(3-R′Cp)ZrCl2 [R = Me or Ph, R′ = Me or tBu] (III-
2–4, III-6) [38,39]in the presence of an excess of norbornene,
and with group 4 bridged monocyclopentadienyl cata-
lysts such as�-Me2Si(3-tBuCp)(adamantylamido)MMe2
[M = Zr, or Hf] ( IX) [40]. The copolymers prepared by
Harrington are semi-crystalline with remarkably high melt-
ing points (250◦C) and show a very simple spectrum. The
authors suggested that the crystallinity was originated from
an alternating and stereospecific structure of the copolymer
chain.

The copolymers prepared by Arndt and Beulich[38]
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Fig. 6. 13C NMR spectra of: (A) isotactic alternating copolymer pre-
pared with Me2C[(3-iPr-Cp)(Flu)]ZrCl2 (II-3); (B) isotactic alternat-
ing copolymer with similar norbornene content synthesized withrac-
Me2Si(2-Me-[e]-benzindenyl)2ZrCl2 (I-6); (C) copolymer prepared with
Me2Si(Me4Cp)(NtBu)TiCl2 (IV-1) presenting alternatingmeso andracemic
NEN sequences.

benzindenyl)2ZrCl2 (I-6), is reported for comparison. The
spectra are relatively simple due to the prevailingly alternat-
ing erythrodiisotactic type of stereoregularity. Closer inspec-
tion of the spectrum inFig. 6B shows smaller signals arising
from NN diads and NNN triads.

Fig. 6C shows the spectrum of a copolymer prepared
with Me2Si(Me4Cp)(NtBu)TiCl2 (IV-1) presenting alternat-
ing meso andracemic NEN sequences.

An updated set of assignments of the13C NMR spectra of
alternating erythrodiisotactic and erythrodisyndiotactic E–N
copolymers is reported inTable 2. Besides the assignments
published earlier by other authors and by us,Table 2includes
recent new assignments of S�� methylenes of EENENEE,
NENENEE, and NENENEN sequences and of the C2/C3
tertiary carbons in NENEE sequences[42].

At the onset of our studies, no mention of isotactic or syn-
diotactic types of regularity for alternating NENEN nor of
meso/racemic norbornene diads (ENNE sequences) had been
found in the literature. Substantial progress has come from
the elucidation of the conformational structure of the chain
of E–N copolymers by molecular mechanics calculations and
from the correlation between conformation and13C NMR
nd Fink and co-workers[39] with R2C(3-R′Cp)(Flu) ZrCl2
R = Me or Ph, R′ = Me or tBu] (III-2–4, III-6) are crys
alline if the norbornene content is higher than 37 m
nd have melting points of 270–320◦C [38]. Elucidation
f the microstructure of these copolymers showed tha
nchainement of norbornene units is isotactic.

C1-symmetric, bridged monocyclopentadienyl titani
mido complexes Me2Si(Cp′)(NtBu])TiCl2 (Cp′ = 2,4-
e2Cp, 3-tBuCp, indenyl) (IV-2–4) have also been show

o yield mainly alternating E–N copolymers by McKnig
nd Waymouth[32]. This systematic study showed that
atalyst having Cp′ equal to Me4Cp is the most productiv
ne. The nature of the ligand in this series had a little e
n the norbornene content and onTg values. Howeve
ur inspection[18] of spectra of copolymers display

n Fig. 9 of Ref. [32] reveals that the ligand substituti
as a strong influence on the copolymer microstruc

he isotacticity in NEN sequences increases in the o
V-I < IV-2 < IV-3 < IV-4.

The behavior of pentalene metallocene in E–N copoly
zation is reported by Prof. Kaminsky’s review in this is
f Coordination Chemistry Review[41].

.3.2. Signal assignments of alternating E–N
opolymers

Fig. 6A shows the spectrum of an isotactic alterna
opolymer prepared with Me2C[(3-iPr-Cp)(Flu)]ZrCl2 (III-
) presenting alternatingmeso NEN sequences. InFig. 6B the
pectrum of an isotactic alternating copolymer with sim
orbornene content, synthesized withrac-Me2Si(2-Me-[e]-
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Table 2
Assignments of13C NMR chemical shifts for carbons of norbornene and ethene units in alternating E–N copolymers

Carbona Chemical shift (ppm) Sequences Ref.

Ethene

S�+�+ 27.74 EEEEEEE [26]
S��+ 27.80 ENEEEE [26]

S��+ 27.93 ENEEE [18,20]

Sαβ r 28.04 ENENE [18]

S��+ 28.05 ENEEE [20,42]
S��+ 28.13 ENEEE [42]
S��+, S�� 28.18 ENEEN [42]

S�� 28.39 ENEEN [18,20]

S�� m 28.56 EENENEE [42]

S�� m 28.61 NENENEE [42]

S�� m 28.66 NENENEE [42]
S�� m 28.70 NENENEN [42]

Norbornene

C5/C6 28.33 ENE [18,20]
C7 30.89 EENEE [26]
C7 m 30.96 NENEE [39,46]

C7 r 30.98 NENEN [39,46]

C7 m 31.04 NENEN [39,46]
C1/C4r 39.54 NENEN [18,20]

C4 m 39.54 1/2 NENEE [17,42]

C1/C4 39.57 EENEE [26]
C1 m 39.86 1/2 NENEE [42]

C1/C4m 40.00 NENEN [18,20]

C3 m 45.09 1/2 NENEE [42]
C2/C3r 45.21 NENEN [18,20]

C2 m, C2/C3m 45.78 1/2 NENEE, NENEN [42]

a SeeFig. 4for the denomination of meso (m) and racemic (r) alternating NEN sequences.

chemical shifts[18]. Comparison of conformer populations
computed for the stereoregular and stereoirregular polynor-
bornene and alternating (N–E)x chains and for copolymers
including such defects as NN, E, EEE and NNN allowed us to
predict stereochemical shifts. This led for the first time to dis-
tinguish betweenmeso andracemic NEN sequences, namely

to assign (a) the signals of the two norbornene methinesC2
and C1 and of the ethene CH2 in alternatingisotactic and
syndiotactic copolymers, (b) the isolated signals of the two
methines of an N unit in a NEE· · · sequence and the S�� sig-
nal, (c) the S�� and S�� signals shifted low field with respect
to S�� e and S��, respectively.
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While these studies were being completed, the results of
the efforts of other groups in assigning13C NMR spectra of
E–N copolymers have appeared in the literature[19]. Fink has
distinguished and assigned the resonances of ethene carbons
by comparing the13C NMR spectra of copolymers contain-
ing 13C enriched ethene or13C enriched norbornene with
those of copolymers prepared with monomers having nat-
ural 13C abundance[20,19]. Arndt’s assignments are based
on the comparison of spectra of copolymers of naturally13C
enriched monomers with various compositions obtained with
different catalysts, in a manner analogous to our previous
analysis[19].

Quite a general agreement on the assignments of13C NMR
spectra of alternating copolymers was reached, apart from a
disagreement on the assignments of three signals in the CH2
region[24].

We have recently compared and discussed progress in
such assignments[42]. A complete analysis of the spectra
of copolymers with different norbornene content, where the
relative peak areas of each spectrum are simultaneously best
fitted, was carried out by using the procedure mentioned
above[26,43]. It was possible to reconsider some controver-
sial assignments of ethene CH2 signals and to reach a new
conclusion regarding signals S��, S��, and S�� as summa-
rized inTable 2. Our assignment regarding signals S�� and
S is confirmed, but, as stated by Fink, it appears that signal
S .
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Fig. 7. 13C NMR spectra of copolymers obtained by catalyst precursorIII-1
(A) andI-2 (B).

The Cs symmetric Me2C(Cp)(Flu)ZrCl2 (III-1),
Me2Si(Cp)(Flu)ZrCl2 (III-5), and Ph2C(Cp)(Flu)ZrCl2
(III-6), and the C2v symmetric H2C(2,5-Me2Cp)2ZrCl2
[48] (XII) showed higher activity than theC2 symmetric
metallocenes. Among these catalysts most active is complex
XII, while Me2Si(Cp)(Flu)ZrCl2 (III-5) shows the highest
molecular mass[47].

The presence of a methyl substituent on�-carbons and the
absence of substituents on the�-carbons in compoundXII
are crucial to the high activity of this system. The lack of
steric hindrance on the reaction site facilitates the approach
of the bulky norbornene to the reaction site and results in
an increase of the norbornene content in the polymer. On
the other side, compound MeCH(Cp)2ZrCl2 (X) [44] without
methyl substituents was reported to have low activity and high
norbornene incorporation ability. Among theC2 symmetric
metallocenes,rac-Et(Indenyl)2ZrCl2 (I-2) is the most active
[3].

E–N copolymers prepared withC2 symmetricI-2 con-
tain mainly meso ENNE diads and small amounts of
meso–meso NNN triads. On the other hand, theCs-symmetric
Me2C(Flu)CpZrCl2 (III-1) based catalyst shows a high selec-
tivity for producing E–N copolymers withracemic ENNE
diads. InFig. 7 the spectra of copolymers obtained by cata-
lyst precursorsI-2 andIII-1 are compared. In the C2/C3 and
C5/C6 regions the signals characteristic ofmeso EENNEE
a

��

�� does not overlap signal S��+, but is shifted to lower field
In Refs.[26,43], other regions of the spectra have b

econsidered and elucidated at higher resolution. In pa
ar, the region of tertiary carbons C2/C3 between 45.09
5.78 ppm shows three distinct signals of the four expe
t pentad resolution, while previous assignments only

inguished between isolated and alternating signals[38,44].
everal of these new assignments are in agreement with

eported by other authors[38,39,46].
The current level of assignments allows for the comp

etermination of the microstructure at pentad level if
nformation gathered from the whole spectrum is explo
he information on a number of sequences is at heptad
his fact may result in a more accurate estimate of the co
erization parameters.

.4. E–N copolymers containing norbornene blocks

.4.1. Synthesis
Ansa-metallocenes withC2 and Cs symmetries (Chart

) generate random copolymers containing norbor
icroblocks, although mostansa-zirconocenes produc
ainly alternating E–N copolymers. Copolymers with n
ornene content well above 50 mol% andTg as high a
20◦C can be synthesized. Metallocene symmetry and
nd substituents dictate polymerization activity, tacticity,
equential distribution. The type of bridge has an influe
n polymerization activity and norbornene content. Ex
les, most of them taken from Kaminsky’s report, are lis

n Table 3 [47].
 ndracemic ENNE sequences are demonstrated.
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Table 3
Random E–N copolymerization: activities and properties

Symmetry Catalyst Activity (kg pol/mol Zr h) [N]/[E] N mol% incorporated Tg (◦C) Mw (×10−4 g/mol) Ref.

C2v XI 1200a 0.20 21 – – [3e,47]
XII 68000b 6.12 – 171 13.0 [48]

58000b 8.16 – 179 15.8 [48]
26000b 12.24 – 196 16.4 [48]
10000b 24.49 – 226 17.3 [48]

Cs III-1 2210c 25.05 >56 175 12.7 [3b]
III-5 11084d 19.0 47 129 43.1 [3e]
III-6 2410c 25.05 >56 184 14.0 [3b]
I-1 480a 0.20 28 75 – [3e]
I-2 9120a 0.20 26 72 22 [3,47]

32e 24.0 55 173 – [49,50,51]

Cs I-4 2320a 0.20 28 40 – [3e,47]
1370c 3.21 35 82 18.8 [3b]
290c 6.37 42 124 19.8 [3b]
28e 24.0 58 168 – [49,50,51]

I-5 38e 24.0 54 194 – [49,50,51]
I-7 70e 24.0 60 148 – [49,50,51]
I-10 540c 3.21 34 86 14.7 [3b]

90c 6.37 39 – 9.3 [3b]
I-3 560f 12.5 36 – 11.3 [67]
I-9 320f 12.5 0.5 – 8.6 [67]

C1 II-1 2950a 0.20 33 – – [3e,47]

Cs IV-5 176g 1.4 25 47 4.5 [52]
480g 5.0 44 126 7.1 [52]
675g 10.0 54 167 7.9 [52]

a Polymerization condition: MAO/Zr = 200, [Zr] = 5× 10−6 mol/L; PE = 2 bar,T = 30◦C.
b Polymerization condition: MAO/Zr = 4000, [Zr] = 5× 10−5 mol/L, PE = 1.72–6.89 bar,T = 60◦C.
c Polymerization condition: MAO/Zr = 1000, [Zr] = 5× 10−7 mol/L; PE = 2 bar,T = 30◦C.
d Polymerization condition: MAO/Zr = 8600, [Zr] = 5× 10−6 mol/L, PE = 2 bar,T = 30◦C.
e Polymerization condition: MAO/Zr = 2000, [Zr] = 1.6× 10−5 mol/L, PE = 1.013 bar,T = 30◦C.
f Polymerization condition: MAO/Zr = 1000, [Zr] = 8× 10−5 mol/L; PE = 1.013 bar,T = 30◦C.
g Polymerization conditions: MAO/Ti = 400, [Ti] = 6.6× 10−4 mol/L, PE = 1.013 bar,T = 20◦C.

Series of E–N copolymers were synthesized in the
presence of zirconocenes with different symmetries and
ligand patterns: rac-Me2Si(Indenyl)2ZrCl2 (I-4), rac-
Me2Si([e]-benzindenyl)2ZrCl2 (I-5) rac-Me2Si(2-Me-[e]-
indenyl)2ZrCl2 (I-7), besides the already mentionedI-2 and
III-1 [49–51]. The Cs symmetricIII-1, as already known,
resulted in the most productive catalyst. Among theC2 sym-
metric catalysts, Me2Si(2-Me-[e]-indenyl)2ZrCl2 (I-7) was
shown to be noticeably more active than the others of the
series. The microstructure was dominated by metallocene
symmetry and ligand type. PrecursorI-5 produced copoly-
mers with the highest N content and the highest amount of
meso–meso NNN sequences demonstrated in the spectrum
of Fig. 8. The large number of signals is due to the increase
of possible stereosequences as the norbornene block length
increases. Present assignments of such signals to the spe-
cific configuration of C2/C3 carbons of norbornene triads are
listed inTable 5.

As already mentioned, Me2Si([e]-benzindenyl)2ZrCl2 (I-
5) gave the highest amount ofmeso ENNE sequence and
no ENNNE in spite of high norbornene excess in the feed
composition, while Me2Si(2-Me-[e]-benzindenyl)2ZrCl2 (I-

6) gave a mainly alternating copolymer with trace amounts of
ENNE sequences and a surprising higher amount of ENNNE
sequences. Comparison ofTg of these copolymers having an
N content between 48 and 60 mol% showedTg values ranging
between 125 and 194◦C. This work[51] led to the conclusion
that there does not appear to be a linear correlation between
the amount of N incorporated and theTg measured when
copolymers with high N content and different microstructures
are considered.

The kinetics of E–N copolymerizations using a
great number of metallocenes which include Me2C[(3-
iPr-Cp)Indenyl]ZrCl2/MAO (II-2) MeCH(Cp)2ZrCl2 (X),
besides the already mentioned Me2C[(3-R-Cp)(Flu)]ZrCl2
(with R = methyl ortBu) (III-2, III-4), and CGCIV-I, have
been investigated by Ruchatz and Fink[44] at 70◦C in a con-
centrated solution of norbornene and under an ethene pres-
sure ranging from 4 to 60 bar. The highest norbornene content
was achieved using metallocenes with sterically less demand-
ing ligands such as MeCH(Cp)2ZrCl2 (X). Copolymers gen-
erated with metallocene Me2C[(3-iPr-Cp)Indenyl]ZrCl2 (II-
2) contain norbornene microblocks with a maximum length
of two norbornene units. Depending on the catalyst struc-
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Fig. 8. 13C NMR spectrum of a copolymer obtained by catalyst precursor Me2Si(2-Me-[e]-indenyl)2ZrCl2 (I-7) showingmeso–meso NNN sequences.

ture, the microstructure of the copolymers consists of mainly
isolated norbornene units, alternating monomer sequences
or short norbornene microblocks with a maximum length of
two or three. Additionally, the tacticity of the norbornene
microblocks could be controlled by the catalyst structure.

Wendt and Fink [45] carried out E–N copolymer-
izations at various ethene pressures by using the cat-
alyst systems Me2C[(3-iPr-Cp)Indenyl]ZrCl2/MAO (II-2)
and rac-Me2C[Indenyl]2ZrCl2/MAO (I-8). Their analysis
of the copolymer microstructures could conclude that,
while copolymers obtained with metallocene Me2C[(3-iPr-
Cp)Indenyl]ZrCl2 (II-2) contain only ENNE sequences,
those generated withrac-Me2C[Indenyl]2ZrCl2 (I-8) contain
norbornene microblocks with a length of two or three. The
amount of norbornene triblocks in the copolymer chain as
well as the stereochemical connections of the norbornene tri-
blocks were shown to depend on the monomer concentration
and the polymerization temperature.

Recently, random E–N copolymers containing high
norbornene content have been produced by Shiono and
co-workers[52] by using Me2Si(Flu)(NtBu)TiMe2 (IV-5)
activated with MAO free from Me3Al. The 13C NMR spec-
tra of these copolymers showed new signals of triblock N
sequences, which have been assigned torac,rac-NNN triads.
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In particular, the spectra displayed above inFig. 7demon-
strate the signals most characteristic ofmeso and racemic
ENNE sequences. E–N copolymers prepared withrac-
Et(Indenyl)2ZrCl2 (I-2) contain mainlymeso ENNE diads
revealed by the C2/C3 signals at 46.04 and 47.12 ppm char-
acteristic of NENNEN which become more intense as the
norbornene content increases. The two C2/C3 signals at 45.62
and 48.07 ppm, characteristic ofracemic ENNE sequences,
are present only in the spectrum of the copolymer obtained
by Me2C(Flu)CpZrCl2 (III-1).

2D NMR spectra allowed Bergström et al. to recognize
resonances of norbornene diblocks[23]. They first demon-
strated C5/C6 and C2/C3 splittings inmeso norbornene diads.

The comparison of13C NMR spectra of E–N copoly-
mers of various composition prepared with different met-
allocenes initially allowed us to demonstrate the splitting of
carbons belonging to racemic and meso ENNE sequences
[50]. Then, examination of the complete13C NMR spectra
of a great number of E–N copolymers, having various nor-
bornene content (from 20 to 40%), by using a procedure based
on least-squares fitting of all the peak areas of the spectra as
described in Refs.[26,43], allowed us to further extend signal
assignments: they include the signals of the C2/C3 carbons
of EENNEEmeso sequence and of carbons S�� of NENNE
sequences.

Arndt et al.[19] synthesized and assigned the13C NMR
s mers
a use-
f s.
F large
n
C on-
.4.2. Signal assignments of ENNE sequences in E–N
opolymers

Table 4collects our current signal assignments, achie
ith the contributions by various authors, for the carb

nvolved in sequences withmeso and racemic norbornene
iblocks, along with sketches of the relative stereochem
equences.
pectra of the stereoisomers of norbornene hydrodi
nd hydrotrimers. These assignments have been very

ul to assign signals inmeso andracemic ENNE sequence
or example Arndt-Rosenau and Beulich compared a
umber of spectra of copolymers prepared withC2 and
s symmetric metallocenes, with different norbornene c
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Table 4
Assignments of13C NMR chemical shifts for carbons of norbornene and ethene units affected by NN diads in E–N copolymers

Carbona Chemical shift (ppm) Sequences Ref.

Ethene

S�� m 28.82 NENN [26]

S�� m 29.00 NENN [26]
Norbornene

C5 m 26.24 ENNE [26]
C6 m 29.68 ENNE [26]
C7 m 31.17 ENNE [26]
C7 m 31.32 ENNE [26]

C1 m 39.88 ENNE [26,44]
C4 m 40.43 ENNE [26,44]
C2 m 45.96 EENNEE [43,27]
C2 m 46.05 NENNEN [43,27]
C3 m 46.50 EENNEE [43,27]

C3 m 47.12 NENNEN [43,27]
C5 r 27.58 ENNE [26]
C6 r 29.37 ENNE [26]
C7 r 31.57 ENNE[ [26]

C1 r 38.93 ENNE [26,44]
C4 r 39.80 ENNE [26,44]
C2 r 45.62 ENNE [43,27]
C3 r 48.07 ENNE [43,27]

a SeeFig. 4for the denomination of meso (m) and racemic (r) alternating NEN sequences.

tent to assign resonances of isotactic and syndiotactic nor-
bornene diblocks[17]. On the basis of comparison of the
copolymer chemical shifts with those of the stereoisomers of
hydrodimers and hydrotrimers[19] they correctly assigned
the signals of C1 and C4 carbons ofmeso andracemic ENNE
sequences. However, on the basis of calculations on the most
stable conformers by molecular mechanics and by consider-
ing such conformation-dependent effects as the well-known
�-gauche effect, we found that in order to simulate the copoly-
mer chain a good model should have alkyl substituent in
position 3,3′.

Conformer modelling demonstrated strong deformations
of the norbornene rings in norbornene diads and triads and
allowed us to ascribe the origin of stereo-chemical shifts due
to NN and NNN sequences to the ring deformations arising
from steric hindrance[50]. In particular, we understood the
splitting of C5/C6 signals, the ring distortions being much
stronger inmeso diads than in theracemic ones, in agreement
with Arndt-Rosenau and Beulich’s assignments[17].

Ab initio calculations applied to proper model compounds
confirmed that the splitting of signals of “internal” and “exter-

nals” norbornene carbons in R–N–N–R compounds greatly
depends on the nature of R as well as on themeso–racemic
relationship of the N–N blocks. The 3,3′-di-n-propyl-dimers
proved to be good models of ENNE sequences of E–N
copolymers[27]. A comparison of experimental and ab ini-
tio computed chemical shifts of ENNE sequences is shown
in Fig. 9.

2.4.3. Signal assignments of ENNNE sequences in E–N
copolymers

Assignments of resonances of norbornene triblocks are
even more complex and difficult than those of norbornene in
alternating or diblock sequences.

Table 5 summarizes present assignments and working
hypotheses found in the literature.

The first column reports the assignments currently used
by us. The external carbons C5′ of meso, meso and meso,
rac triads in ENNNE sequences were assigned by means of
our best-fitting procedure for computing the stereosequence
molar fractions[26]. In some cases we are able to distinguish
meso, meso or meso, rac sequences without differentiating
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Table 5
Assignments of13C NMR chemical shifts for carbons of norbornene and ethene units affected by NNN triads reported by different authors for E–N copolymers

This work and Ref.[26] Ref. [24] Ref. [52]

Carbon Chemical shifts (ppm) Carbon Chemical shifts (ppm) Carbon Chemical shifts (ppm)

C6 m,r 26.31
C5′ m,m 26.59a C5/C6m,m 26.50
C5′ r,m 27.20–27.7 C5m,r 26.8–27.4

C5′ m,r/C5′ r,m C5/C6r,r 28.09
C5/C6 T 29.37 C5′ m,m 29.4 C5/C6r,r 29.12
C5/C6 T 29.49 C6′ r,m 29.62 C5/C6r,r 29.56

C6′ m,r 30.03
C5/C6 T 30.50 C6′ m,m 30.5
C5/C6m,m 30.58

C7 r,m 32.87
C7 m,m 32.99

C7 m,m 33.07 C7 r,r 33.11
C7 T 34.34 C7′ r,m 34.26
C1/C4m,m 34.92 C1/C4m,m 34.87
C1/C4 T 35.18 C4′ r,m 35.15
C7 T 35.70 C7′ m,r 35.73 C7r,r 35.55
C7 T m,m 36.74 C7′ m,m 36.67
C7 T m,m 36.94
C1/C4 T 36.94 C4′ m,r 36.89 C1/C4r,r 36.87

C1/C4r,r 37.53
C1/C4 T 37.87 C1/C4m,r 37.80 C1/C4r,r 37.97
C1/C4m,m 39.28–39.39
C1/C4 T 40.80 C4′ m,m 40.77

C1′r,m 41.03
C1/C4 T 41.32 C1′ m,m 41.18
C1/C4m,m 41.45
C1/C4 T 41.56

C3′ r,m 42.64
C2′ m,r 43.55

C2/C3 T 45.42 C3′ m,m (NNNEE) 45.49 C2/C3r,r 45.62
47.13 C3′ m,r/C2′ r,m 46.58/48.53

C3′ m,m (NNNEN) 48.22 C2/C3r,r 48.74
C2/C3 T 49.34 C2m,r 49.37
C2/C3m,m 49.80 C2′ m,m 49.83 C2/C3r,r 49.51
C2/C3 T 50.00 C2/C3r,r 50.92
C2/C3m,m 52.70–52.84 C2/C3m,m 52.78
C2/C3 T 53.44 C3m,r 53.41

a Chemical shift referred to HMDS.

the single carbons. In other cases we simply assign signals to
triads. Finally, in a few cases we rely on Fink’s assignments.

The second column reports the detailed assignments
achieved by Wendt and Fink[24]. The adopted num-
bering is the one shown inFig. 3. The original
chemical shifts values are shifted by−2.2 ppm. Such
assignments were based on comparison between E–N
copolymers prepared withrac-Me2Si(Indenyl)2ZrCl2 (I-
4), Me2C[(Cp)Indenyl]ZrCl2/MAO (II-1), and Me2C[(Cp-
Flu]ZrCl2/MAO (III-1), with monomers with natural abun-
dance of13C and with 13C5/6-enriched norbornene. This
methodology allowed Fink to assign resonances of NNN
sequences with different stereochemical connections such as
meso, meso andrac, meso [24]. In a first step DEPT experi-
ments helped in distinguishing between the methylene (C7)
or methine (C1/C4 and C2/C3) carbon atoms. Subsequently,
by comparing spectra with different norbornene content and

with the help of chemical shifts of norbornene hydrodimers
and hydrotrimers synthesized by Arndt et al.[19] the authors
obtained the assignments ofmeso, meso andrac, meso NNN
sequences shown in the table.

Shiono synthesized random E–N copolymers containing
high norbornene content by Me2Si(tBuN)(Flu)TiMe2 (IV-
5) [52]. The13C NMR spectra of these copolymers showed
new signals which are listed in the last column ofTable 5. On
the basis of DEPT experiments, differences with previous
spectra containing NNN sequences, differences in catalyst
symmetries, and spectra of polynorbornene prepared with the
same catalyst, the authors were able to assign these signals
to rac, rac-NNN triads.

This result allows us to give an overview of the influence of
Cp ligands and metallocene symmetry on the microstructure
of E–N copolymers inScheme 2. This completes the scheme
given inFig. 14in Ref. [24].
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Scheme 2. Influence of metallocene ligands on the microstructures of E–N sequences: I = N isolated units; A = NEN alternating, D = ENNE, T = ENNNE
sequences.

2.5. Copolymerization statistics

Copolymerization propagation kinetics can be described
by Markov statistics, the first and second-order Markov mod-
els being most frequently used. When the insertion of a
comonomer is influenced only by the last inserted unit[53]
the first-order Markov model is sufficient to describe the
copolymerization and the following two reactivity ratios are
defined:

r1 = k11/k12 = kEE/kEN and r2 = k22/k21 = kNN/kNE,

wherekmn represents the rate constant for the insertion of
monomern into anm-metal ended chain.

When the insertion of a comonomer is influenced by the
penultimate unit, then the second-order Markov statistical
model is needed to describe the copolymerization and four
reactivity ratios are defined:

r11 = k111/k112 = kEEE/kEEN and

r22 = k222/k221 = kNNN/kNNE

r21 = k211/k212 = kNEE/kNEN and

r12 = k122/k121 = kENN/kENE,

whereklmn represents the rate constant for the insertion of
monomern into anlm-metal ended chain.

The most used methods for determining the copolymer-
ization parameters utilize the Finemann and Ross[53] and
Kelen–T̈udos[54] equations, which correlate the feed ratio
to the copolymer composition. Several copolymerizations
of ethene and norbornene need to be carried out with a
given catalyst over a broad range of the comonomer ratio.
However, since for the Fineman–Ross method a terminal
copolymerization model has to be valid, only ther1 and
r2 reactivity ratios can be obtained. The same holds for the
Kelen–T̈udos method which consists in the linearization of
the Finemann and Ross equation. Copolymerization param-
eters can be derived also from the analysis of a single13C
NMR spectrum if it allows one to determine the sequence
distribution. The knowledge of the triad distribution provides
the r1 and r2 parameters, while it allows one to measure,
but not to test, the four copolymerization parameters of a
penultimate model. Indeed, at least the complete tetrad dis-
tribution is required to test[55] both the first-order (herein
after indicated as M1) and the second-order Markov (M2)
statistics. Computer analysis allows a best fit between the
experimental sequence distribution and the one predicted by
the statistical models. Of course, the more detailed is the
microstructural information of the copolymer chain, the more
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Fig. 9. Comparison of the chemical shifts (ppm) (A) of EENNEE sequences
of E–N copolymers taken fromTable 4, (B) computed ab initio for 3,3′-di-
n-propyl N dimers; the values ofTable 5in Ref. [27] for C5/C6, C2/C3,
and C1/C4 shifted by−4.87,−6.09, and−5.96 ppm, respectively, (C) of
hydrodimers values by Arndt et al.[19] shifted by−2.2 ppm to account for
the difference in internal reference.

detailed information on the copolymerization kinetics and the
deeper insights in the copolymerization mechanisms can be
reached.

2.5.1. E–N reactivity ratios from Finemann and Ross
Most authors have calculated the E–N reactivity ratios

according to the Fineman–Ross method. Examples of the
reactivity ratios so obtained are collected inTable 6. McK-
night and Waymouth found that four CGC catalysts give
r1 values between 2.0 and 5.1[32]. The values found
are consistent with values for ethene/octene copolymeriza-
tions (r1 = 2.6–4) with the same catalysts[56] and indicate
a preference for the insertion of ethene over norbornene
into a Mt–E* active center. In no case it was possible to
accurately determiner2 from the plots. However, the data
were consistent with a value ofr2 very close to zero. The
product of the reactivity ratios for all the CGC E–N sys-
tems approaches zero, indicating a tendency toward alterna-
tion.

Kaminsky et al.[57] and Ruchatz and Fink[58] have
investigated the reactivity ratios of various metallocene cata-
lysts known to incorporate more than 50 mol% norbornene at
high norbornene feed concentrations (>80 mol%). Waymouth
found similar trends in reactivity ratios; however, ther1 val-
ues found under different conditions are lower. Differences

Table 6
Reported E–N reactivity ratios from Finemann and Ross equation

Symmetry Catalyst r1 r2 Ref.

Cs IV-1 2.4 ∼0 [32]

C1 IV-2 1.9 ∼0 [32]
IV-3 5.1 ∼0 [32]
IV-4 2.2 ∼0 [32]

C2v XI 20 – [3]
4.0 0.03 [32]

C1 II-1 0.88 0.05 [57]

C2 I-1 2.2 – [3]
I-2 6.6 ∼0 [3]

1.9 0.03 [32]
I-4 2.66 0.36 [3,47]
I-10 3.44 – [3]

Cs III-6 2.61 – [3]
III-1 2.93 – [3]

1.8 ∼0 [32]
1.3 0.03 [57]

C1 III-4 3.3 0.001 [3]

in the calculatedr1 values with respect to those previously
reported (Table 6) were attributed to the different reaction
temperatures.

Bridged zirconocenesI-2 and III-1 haver1 values near
2.0 similar to the CGC catalystsIV-1, IV-2, andIV-4. Cata-
lyst Cp2ZrCl2 (XI) has anr1 value of 4.0, reflecting the steric
influence of the unbridged cyclopentadienyl rings. Theser1
values for all the three catalysts indicate a preference for
insertion of ethene over norbornene into an active Mt–E*

center. ForI-2 andXI Waymouth et al. calculated anr2 value
of 0.03, while forIII-1 the r2 value is very close to zero.
This clearly illustrates that these catalysts also disfavor a sec-
ond norbornene insertion because of the steric influence of
the last inserted norbornene unit. Like the CGC catalysts,
these zirconocenes should have a tendency to produce alter-
nating microstructures at high N/E feed ratios. Actually, the
13C NMR spectra inFig. 7 clearly reveal that catalystsI-
2 and III-1 are able to produce copolymers with ENNE
sequences.

Kaminsky et al. [57] found that bridged rac-
Me2Si(Indenyl)2ZrCl2 (I-4) yields copolymers with an
r1 value of 2.66 and anr2 value of 0.36, which are a clear
indication of the random nature of the copolymers obtained.

All the C1 symmetric catalystsIII-2, III-3, andIII-4 have
r1 values between 2.7 and 3.3, the onlyr2 value in the table
is 0.001 forIII-2. Owing to the highly alternating nature of
t the
F

t rder
M ting
c rre-
s with
t

hese copolymers ther2 values could not be calculated by
inemann and Ross equations.

A computer optimization routine was employed by us[59]
o derive the reactivity ratios for both first- and second-o
arkov models by fitting the theoretical equations rela

opolymer composition and feed composition to the co
ponding experimental data. The reactivity values agree
he reports that E–N copolymers obtained withIV-1/MAO
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are mainly alternating (r1 × r2 � 1), the norbornene diad
fraction is very low, and there are no norbornene triads or
longer blocks (r2 ≈ 0).

2.5.2. E–N reactivity ratios from tetrad analysis
The accuracy of the complete description of the copolymer

microstructure at tetrad level with a standard deviation of
1–2%[60] allows one to identify the statistical model most
suitable to describe the copolymerizations as well as to derive
the reactivity ratios between the two comonomers. In contrast
to the Finemann and Ross method[35] the available tetrad
information allows us to test both the M1 and M2 statistics
[55].

Both models were applied to fit the experimental tetrad dis-
tributions of a number of copolymers obtained from catalysts
I-2, I-4, I-6, andIV-1. In order to examine the dependence of
the copolymerization parameters on the feed ratio, the data
of each sample were fitted separately.

The results on the reactivity ratios regarding two samples
per catalyst are summarized inTable 7. The ranges of the
reactivity ratios obtained at the lowest N/E feed ratio are:
r1 = 2.34–4.99,r2 = 0.0–0.062. These values are within the
same range of those reported in the literature, obtained with
the Finemann and Ross method. Ther2 values are in general
smaller than those obtained for propene copolymerization.
The highestr ·r values found for the copolymers prepared
w m
c
c -
p mers
w f-
f r dif-
f at the
t ly-
m n of

Table 7, where the results of the second-order Markov model
are reported. Asr1, also allr11 values are similar to those
found for ethene and propene copolymerization with metal-
locene catalysts with low reactivity ratios[61]. Differences
in r12 and in r22 are illuminating, since they clearly show
the preference of the insertion of E or N into E–N–Mt and
N–N–Mt, respectively. Parameterr12 increases in the order
IV-1 < I-6 � I-2 < I-4, opposite to the tendency to alternate
the two comonomers[60].

The r22 values are in general lower than those obtained
for propene or other�-olefins, in agreement with the low
homopolymerization activity of norbornene. Ther22value for
catalystI-6 is much greater thanr12; this shows the tendency
of this catalyst to insert a third norbornene after the second
one. In addition, the four copolymerization parameters cal-
culated for the copolymers prepared withI-2 andIV-1 are
quite independent of monomer concentrations, while those
for copolymers obtained withI-4 and I-6 at two different
monomer concentrations are quite different.

The experimental tetrad distributions and those calculated
according to first- and second-order Markovian models are
compared inFig. 10. These comparisons and the rms devi-
ations inTable 7help us to discriminate between first- and
second-order Markov models. Worthy of note is the very good
agreement between all the tetrads calculated with the second-
order model and the experimental tetrads –isolated (ENEE),
a
i s
f t
s els.
T rious
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r g that
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ith catalystI-4 confirm its tendency to give more rando
opolymers. The values ofr1, r2, and r1·r2 for the E–N
opolymers obtained with catalystsIV-1 and I-6 are com
arable with those of alternating ethene-propene copoly
ith metallocene catalysts[61]. It is worth observing the di

erence in copolymerization parameters obtained unde
erent monomer feed ratios. Such differences suggest th
ype of penultimate unit is indeed important in E–N copo
erizations. Such indications are confirmed by inspectio

able 7
eactivity ratios of E–N copolymerizations calculated using first- and

ymmetry Catalyst [N]/[E] N mol%
incorporated

Reactivity ratio

r1 r2

2 I-2c 2.33 36.23 2.602 0.0
3.98 40.38 2.338 0.0

I-4c 2.33 33.85 2.717 0.0
3.98 40.52 2.871 0.0

I-6c 2.33 29.72 3.338 0.0
9.74 41.18 4.477 0.0

s IV-1c 2.33 27.20 3.906 0
3.98 31.79 4.988 0

1 III-2d 2.13 28.71 3.17 0
3.62 35.23 2.94 0

III-3d 2.33 23.93 5.34 0
4.00 30.95 5.00 0

a [Zr] = 0.010 mmol/L; [Al]/[Zr] = 3000;PE = 1.013 bar;T = 30◦C; solven
b Defined as root mean square deviation between computed and ex
c From tetrad level analysis of13C NMR spectra[60].
d From pentad level analysis of13C NMR spectra[42].
lternating (NENE), andblock (NNEN, ENNE, NNNE) –
n copolymers fromI-2, I-4, andIV-1. In contrast, the rm
or the alternating copolymers produced fromI-6 are no
atisfactory either with first- or with second-order mod
his appears to confirm our previous hypothesis that va
echanisms are at work with this catalyst[43]. Finally, it is
orth noting that these results indicate thatr11, r12, r21, and

22 can be dependent on the feed composition, suggestin
t high N/E ratio the reactivity of the propagating species

-order Markov models from tetrad and pentad distributionsa

1·r2 Fitb r11 r12 r21 r22 Fitb

0.072 0.0111 3.048 0.0247 2.386 0.0081 0
0.072 0.0101 3.241 0.0298 2.191 0.0176 0
0.143 0.0095 3.046 0.0489 2.519 0.1393 0
0.177 0.0137 4.174 0.0622 2.543 0.0339 0
0.024 0.0118 3.486 0.0061 3.207 0.6179 0
0.019 0.0141 6.805 0.0035 4.211 0.0809 0

0 0.0265 3.232 0 5.184 0 0.0
0 0.0362 3.376 0 6.521 0 0.0

0 0.0154 3.46 0 2.76 0 0.0
0 0.0286 3.89 0 2.52 0 0.0
0 0.0309 5.93 0 3.61 0 0.0
0 0.0428 6.93 0 3.33 0 0.0

ene.
ntal tetrad or pentad fractions [Fit = (∆/10)1/2] [60].
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Fig. 10. Tetrad distributions for E–N copolymers, observed by NMR and calculated for samples prepared withrac-Et(Indenyl)2ZrCl2 (I-2), rac-
Me2Si(Indenyl)2ZrCl2 (I-4), rac-Me2Si(2-Me-[e]-benzindenyl)2ZrCl2 (I-6) and Me2Si(Me4Cp)(NtBu)TiCl2 (IV-1) at feed ratio 2.33. Black: experimental
data; white: according to first-order Markov model; dashed: according to second-order Markov model.

be influenced by effects more distant than the penultimate
monomer unit.

These results allowed us to clarify the statistics of these
copolymerizations and to discriminate between ultimate and
penultimate effects. It is possible to state that the next-to-last
E or N monomer unit exerts an influence on the reactivity
of the propagating Mt–E* or Mt–N* species. Such an influ-
ence seems to be contingent upon the catalyst structure. The
second-order Markov model must be used to describe E–N
copolymerizations promoted by metallocenesI-2, I-4, and
IV-1. A third-order or a more complex model may be required
to fit the experimental data obtained with catalystI-6, where
more sterically hindered indene substitutions are dominant.
At higher norbornene concentrations, copolymers with all
catalysts may need more complex models. These results are
sufficient to conceive that E–N copolymerization is domi-
nated by the bulkiness of the norbornene monomer and of
the copolymer chain.

2.5.3. E–N reactivity ratios from pentad analysis
We have recently used the pentad description of the

microstructure of the alternating copolymers prepared with
catalystsIII-2 and III-3 to test different copolymerization
mechanisms. CatalystsIII-2 andIII-3 are two of the typical

C1 symmetric catalysts, such as Me2C[(3-R-Cp)(Flu)]ZrCl2
(R = Me,iPr, tBu), which produceisotactic alternating E−N
copolymers[38,39]. The analysis of these has been used
to elucidate polymerization mechanistic details such as the
importance ofchain migration mechanism versus chain
retention mechanism [38,24]. Arndt and Beulich[38] used
a statistical model which differentiates two heterotopic sites
of the catalyst Me2C[(3-tBu-Cp)(Flu)]ZrCl2 (III-4): one site,
always in the Zr–E* state, follows M1 statistics; the second
one can be in both Zr–E* and Zr–N* states and follows M2
statistics. This mechanism allows for the formation of only
odd ethene blocks. He concluded that E–N copolymerization
follows a chain migration mechanism. On the other hand,
Fink and co-workers[39] have recently analyzed at triad
level the E–N copolymer spectra obtained with Me2C[(3-
iPr-Cp)(Flu)]ZrCl2 (III-3) by using their assignments[24].
From a comparison of the root-mean-square residuals which
correlate experimental and theoretical triad molar fractions
calculated according to M1 and M2 Markov statistics, they
concluded that E–N copolymerization with this catalyst fol-
lows M1 statistics and occurs according to a chainretention
mechanism.

We have used our pentad level information on these
copolymers to test M1 and M2 statistics as well as the two-



I. Tritto et al. / Coordination Chemistry Reviews 250 (2006) 212–241 231

Fig. 11. Pentad distributions for E–N copolymers, observed by NMR and calculated for samples prepared (A) withi-Pr(3-MeCp)(Flu)ZrCl2 (III-2) and (B)
i-Pr(3-PriCp)(Flu)ZrCl2 (III-3), at feed ratio 2.33. Black: experimental data; white: according to first-order Markov model; dashed: according to second-order
Markov model.

site alternating mechanism (TSAM) proposed by Arndt. The
fitting estimated standard errors showed that the two-site
alternating mechanism is not valid for E–N copolymeriza-
tion with both catalysts[42].

The results, partially shown inTable 7, clearly indicate
that the second-order Markov statistics is more appropriate to
describe the series of copolymerizations with catalystIII-3.
On the contrary, it turns out that the M1 statistics is sufficient
to describe the copolymerization with the Me-substituted
metalloceneIII-2, at least for copolymers prepared at not too
high feed ratios. Indeed, differences in the fitting between M1
and M2 are so small for copolymers prepared byIII-2 that
r11 andr21 are similar tor1. This indicates that when Cp is
substituted with the small methyl substituent the penultimate
inserted unit does not have any influence on the selection of
the next unit.

These features are more evident inFig. 11, where
the NMR-measured pentad distributions obtained by our
methodology (with assignments ofTable 2) are compared
with those calculated according to first- and second-order
Markovian models. One representative copolymer sample
produced byIII-3 and one produced byIII-2 were selected
for such a comparison.

It is clear that: (i) sequences with even ethene units
ENEEN are present in the two copolymers, thus ruling out
the two-sites alternating mechanism for E–N copolymeriza-
t tely
d
( oly-
m d by
I

2
the

b
fi el)

that we obtained from the microstructural analysis of E–N
copolymers at tetrad level.

They investigated the kinetics of E–N copolymer-
ization to cyclic olefin copolymer using therac-
Et(Indenyl)2ZrCl2/methylaluminoxane catalyst in toluene at
70◦C for N/E mole ratios in the range of 3–55. The reactiv-
ity ratios (r1 = 1.47,r2 = 0.024) obtained using the terminal
model give a reasonably good prediction of copolymer com-
position; however, the terminal model fails to accurately
predict the polymerization rates of ethene and norbornene. To
overcome the limitations of the terminal model the authors
developed a penultimate model. The relevant kinetic param-
eters were estimated using experimental data and an optimal
parameter estimation technique. The penultimate model sim-
ulation results show that the model fits the experimental data
very well. The penultimate model calculations also indicate
that the E–N polymerization process shows different kinetic
behaviors below and above the bulk phase norbornene con-
centration of about 50 mol%. Most importantly the authors
could show that the penultimate model, unlike the terminal
model, correctly predicts the existence of a maximum nor-
bornene polymerization rate.

2.6. Mechanisms

2.6.1. Alternating copolymers from catalysts with
h

the
m
m
C t
d the
s AM
m ha-
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ion with these catalysts; (ii) the M1 statistics accura
escribes the copolymer sample derived from catalystIII-2;
iii) the M2 statistics is necessary to describe the cop
er microstructure of the copolymer sample produce

II-3.

.5.4. E–N reactivity ratios from Choi’s method
Choi et al. developed a novel kinetic model to quantify

ehavior of the copolymerization process[62] which con-
rmed the validity of the M2 statistics (penultimate mod
eterotopic sites (C1-symmetry)
Polymerization statistics from pentad description of

icrostructure of theisotactic alternating E–N copoly-
ers prepared withC1 symmetric catalysts Me2C[(3-R-
p)(Flu)]ZrCl2 (R = Me, iPr) III-2 and III-3, used to tes
ifferent copolymerization mechanisms, rules out that
ynthesis of these copolymers can derive from a TS
echanism[38], according to which, as in Cossee’s mec
ism[63], the polymer chain migrates to the site where
onomer was initially coordinated[64].
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Fig. 12. Copolymerization mechanism for E–N copolymerization withC1 symmetric catalysts. (Reprinted with permission from Macromolecules 37 (2004)
9681–9693, Ref.[42].)

The analysis of the microstructures of isotactic alternating
E–N copolymers reveals that the synthesis of the copolymers
prepared with bothIII-2 andIII-3 comes from a retention
mechanism, confirming Fink’s observation. Thus, theseC1-
symmetric catalysts behave as single-site catalysts and both
ethene and norbornene are inserted at the same site, bring-
ing to isotactic NENEN sequences. The microstructure of
E–N copolymers produced by Me2C[(Cp)(Flu)]ZrCl2 (III-
1), which may have N content well above 50%, and contain
ENNE sequences onlyracemic, is convincing evidence that
also for E–N copolymerizations the olefin insertion involves
the migration of the polymer chain to the site occupied
by the coordinated monomer (a Cossee-type mechanism).
This implies that the E–N copolymer chain produced by
catalystsIII-2 andIII-3, independently of the last inserted
unit, has to skip back to its original site before the next
monomer can be inserted at the same site. It seems reason-
able that norbornene and ethene are inserted on the more
open site following Cossee’s migratory mechanism and the
copolymer chain after every insertion occasionally skips
back to a less stable state, explaining the slow kinetics of
E–N copolymerization (Fig. 12). The synthesis of alternating
E–N copolymers, possible only at very high N/E feed ratios,
derives from the impossibility of having two consecutive nor-
bornene insertions. The isotacticity is a consequence of nor-
bornene being inserted always at the same site with the same
f
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locenes such asrac-Me2Si(Indenyl)2ZrCl2 (I-4), which give
rise to more random copolymers under the same conditions.
The catalyst symmetry induces the tacticity of the alternating
sequences. The bulkiness of the catalyst ligands, of the grow-
ing polymer chain, and of norbornene seems to cause strong
non-bonded interactions which explain the limited formation
of norbornene diads.

It is more difficult to guess the nature of the interactions
which after two successive norbornene insertions with the
bulky catalystI-6 favor the insertion of a third norbornene
unit. The presence of NNN triads in a mainly alternating
copolymer seems to indicate that various mechanisms are at
work for thisC2 symmetric catalyst. A third-order or a more
complex model may be required to fit the experimental data
obtained with catalystI-6 where more sterically hindered
indene substitutions are dominant. Such a surprising struc-
ture confirms the great potential of metallocene catalysts in
tailoring polymer structure.

On comparing the structures of the two catalystsI-6 and
IV-1, it seems reasonable that the permethylation of the Cp
ligand increases the steric crowding at the upper half ofIV-
1, which could push the growing polymer chain towards the
lower half, that is, towards the same side which should favor
the norbornene approach. From this perspective, addition of
a second norbornene unit should be much more hindered
with respect to the insertion of an ethene unit, after a first
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.6.2. Alternating copolymers from catalysts with
omotopic sites (Cs and C2-symmetry)

The mechanistic information from the analysis of cop
ers with heterotopic sites probably holds also for
lysts with homotopic sites. TheC2-symmetric bridge
etallocenerac-Me2Si(2-Me-[e]-benzindenyl)2ZrCl2 (I-6)
ith two homotopic sites yields mainly isotactic alternat
opolymers, in contrast to otherC2-symmetric bridged meta
nsertion of norbornene. This could thus explain why the C
roduces a much more alternating copolymer. The pres
f both meso and racemic NEN sequences andmeso and
acemic NN diads could be explained by similar probabilit
or norbornene to coordinate and insert at the left or the
oordination sites.

.6.3. Random copolymers
The formation ofracemic NN diads from Me2C(Cp)(Flu)

rCl2 (III-1) is evidence that the E–N copolymer ch
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migrates to the N coordination site and supports an alter-
nating mechanism. Kaminsky[65] found that E–N copoly-
merization with theCs symmetric metalloceneIII-1 follows
first-order Markov statistics. Our preliminary calculations at
tetrad level are in agreement with this observation.

The formation ofmeso NN diads with catalystsI-2 and
I-5 is dictated by the catalyst symmetry. The experimental
tetrad distributions and those calculated according to first-
and second-order Markovian models showed that the lower is
the tendency to alternate the two comonomers, the stronger is
the need for using model M2 to describe the copolymerization
statistics. Thus, it is possible to state that the next-to-last E
or N monomer unit exerts an influence on the reactivity of
the propagating Mt–E* or Mt–N* species. Such an influence
seems to be contingent upon the catalyst structure.

At higher norbornene concentrations, probably owing to
norbornene coordination, copolymers with all catalysts may
need more complex models.

2.7. Living E–N copolymerizations

Living polymerization is one of the most useful tools for
the synthesis of polymers with precise control over molec-
ular weight, composition, and architecture, such as block
copolymers and terminally functionalized polymers. These
controlled polymers are expected to endow materials with
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Two recent reports have appeared on E–N living copoly-
merization and the synthesis of E- and N-based block copoly-
mers by Li et al.[35] and by Yoshida et al.[34]. They
used bis(-enaminoketonato) Ti complexes and bis(pyrrolide-
imine)Ti complex based catalytic systems, respectively. The
latter system also allows the living E polymerization under
limited conditions.

The linearity of the growth of molar mass with time allows
us to gain insight into the factors influencing the propagation
and chain transfer reactions by using standard equations for
the treatment of the experimental data of the polymerization
kinetics, derived from those introduced by Natta long ago
[68].

It was possible to calculate the average turnover frequen-
cies of monomer insertion〈fp〉 and chain transfer or termina-
tion 〈ft〉 and the [Zr* ]/[Zr] values[66] summarized inTable 8.

By comparing the results obtained (Table 8) for catalyst
I-2 at two different N/E ratios, we observe that an increase
of the N/E ratio clearly gives a decrease of the monomer
insertion turnover frequency. At the same time the transfer
turnover frequency decreases so that the ratio〈ft〉/〈fp〉 remains
constant (Table 8). Such a similarity is worth noting since
catalystsI-2 andI-9 produce completely different polymers:
the extremes areI-2, a norbornene-rich copolymer at high N
concentration, andI-9, a virtually pure polyethene over the
whole feed composition range.
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nique properties. Quite a few efficient and selective cata
or the living polymerization of ethene, propene, 1-hex
r other olefins have recently been developed[66]. Exam-
les of catalysts, less exotic with respect to those req

or living olefin copolymerization, that copolymerize E a
in a (quasi) living fashion exist. Cherdron et al.[31]

nnounced the possibility of controlling the reaction co
ions to achieve “quasi-living” polymerization and descri
shift of the molar mass distribution (MMD) in time for t
–N copolymerization. However, no mention of the cata
sed nor details of experimental conditions were given.

We have found that catalysts such asrac-Et(Indenyl)2
rCl2 (I-2), Me2Si(Me4Cp)(N-tBu)TiCl2 (IV-1), rac-Et(4,7-
e2indenyl)2ZrCl2 (I-3), and 90%rac/10% meso-H2C(3-

Bu-Indenyl)2ZrCl2 (I-9)/MAO under usual conditions, th
s, by using MAO freed from AlMe3 and [Al]/[Zr] molar
atios as high as 2000, promote E–N copolymerization
oth yield and molar masses growing with time. The mo
lar mass of E–N copolymers, obtained at low tempera
T = 30–50◦C) and high norbornene feed fractions, increa
ith time for up to 1 h. The polydispersity can be as nar
s 1.1 at [N]/[E] feed ratios as high as 28[66]. This indicate

hat very little chain transfer occurs and that E–N cop
erizations are quasi-living under these conditions. C
rowth over 1 h is unusual for olefin polymerization, the a
ge lifetime of a growing ethene and propene polymer c

s typically less than seconds, and growth of polymer c
an only be observed with stopped-flow techniques. The
f catalyst used has a strong influence upon the quasi-
haracter of the reaction.
The results concerningI-9, along with its activity, sugge
hat the decrease in activity has its origin in the complexa
f norbornene with the reaction mechanism.

Surprisingly, the values of〈ft〉/〈fp〉 are very close t
hose reported by Busico et al.[69] for the stopped
ow homopolymerization of ethene, usingrac-Me2Si(4-Ph-

ndenyl)2ZrCl2/MAO, in spite of the difference of sever
rders of magnitude in absolute values of〈fp〉 and〈ft〉.

The fraction of active sites is higher than the value
.1 mol/mol(Zr) reported for ethene polymerization withrac-
e2Si(2-methyl-4-phenyl-1-indenyl)2ZrCl2 at very shor
olymerization time under stopped flow conditions[68].
nder the same conditions the number of active sites f

n propene polymerization is six times higher than in eth
olymerization. The values obtained for E–N copolym

zation are closer to the values recently counted by La
0.85–0.95 mol/mol(Zr))[70] for the polymerization of 1
exene with dimethylmetalloceneI-2. Each Zr* site spends

raction of time in the Zr–E* or in Zr–N* state. This depend
n the norbornene content in the copolymer and on the

yst structure.
The relatively higher concentration of Zr* active sites

ound in E–N copolymerization indicates that the Zr* sites
hat we measure are mainly in the Zr–N* state. The similar
ies between〈ft〉/〈fp〉 values found in E–N copolymerizatio
nd E polymerization indicate that Zr–E* sites contribut
ore to chain propagation and chain transfer than the Z*

nes. In conclusion, the presence of norbornene both i
olymer chain and in solution plays a crucial role in the

ngness of E–N copolymerization due to its steric hindra
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Table 8
Kinetic parameters of the ethane–norbornene copolymerization[67b]

Symmetry Catalyst [N]/[E] N mol% Incorporated Mw/Mn 〈fp〉 (min−1) 〈ft〉 (min−1) 〈ft〉/〈fp〉 (×104) Zr* /Zr

C2 I-2 28.4 59 1.16a 346 0.062 1.79 0.68
12.5 52 1.24a 634 0.109 1.72 0.66

I-3 12.5 36 1.18a 185 0.032 1.73 0.94

90% rac/10% meso I-9 12.5 0.5 1.44b 381 0.076 1.99 0.56

Polymerization conditions: solvent = toluene, [Al]/[Zr] = 2000;T = 30◦C, PE = 1.013 bar.
a Polydispersity over the first 10 min of reaction.
b Polydispersity over the first 20 min of reaction.

and coordinating ability. This causes a great reduction of the
propagation and chain transfer rate compared to that in the
homopolymerization of�-olefins and makes the Zr* state
more or less “dormant”.

This agrees with the observation that the long chain
branches decrease with increasing N content in the copoly-
mer, when using a catalyst like Me2Si(Me4Cp)(NtBu)TiCl2
[59] which allows for incorporation of long chain branches in
polyethene: chain transfer to the monomer and the formation
of the vinyl terminated polymer chain are possible only at
Mt–E* sites (Scheme 3).

This picture agrees with the DFT calculations by Yoshida
et al. of relative formation energies on the bis(pyrrolide-
imine)Ti catalytic system[34]. Their estimates indicated that
an N coordinated to Ti–E* species is more stable than the
corresponding E-coordinated species by 8.33 kJ/mol, indica-

tive of dominant N coordination to the Ti center of the E-
last-inserted species. Such a coordination (−17.05 kJ/mol)
would reduce the electrophilicity of the active species and
provide steric hindrance around the active site, which prob-
ably reduces all the possible chain transfers (e.g., hydro-
gen transfer to a reacting monomer, chain transfer to alkyl
Al species). Thus, the achievement of the controlled liv-
ing copolymerization probably results from the stabiliza-
tion of a Ti–E* species toward chain transfers and its
smooth change to a Ti–N* species stable towards chain-
transfers. However, their observation that E–N copolymer-
ization at 90◦C produced a copolymer with broader molecu-
lar mass distribution (Mw/Mn 1.86) and possessing a vinyl
end group indicates that the Mt–E* species of this cata-
lyst also undergoes faster chain transfer than the Mt–N*

species.

S
i

cheme 3. Mechanism for reaction paths taking part in the catalytic cycle du
mplemented with Yoshida’s[34] results in living polymerization promoted byVI/
ring E–N copolymerization by metallocenes as suggested by Thorshaug et al. [59]
MAO.
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2.8. Chain-end analysis of the E–N copolymers

Studies on copolymerization statistics and copolymer
microstructure allow the identification of the factors gov-
erning the mechanisms of propagation steps and copolymer
tacticity. Information regarding the mechanisms of initia-
tion, termination, and chain-transfer steps is usually achieved
by chain-end analysis. In comparison with other ethene
or �-olefin polymerizations, chain-growth, termination, and
chain-transfer reactions of E–N copolymerizations have not
been investigated in similar detail. High molar masses and
the possibility of achieving quasi-living polymerizations for
some E–N copolymerization systems would make the chain-
end analysis rather difficult.

As already explained, chain transfer reactions at a Mt–N
bond are rather difficult[71]: the�-H transfer is impossible
since it would violate Bredt’s rule, that is, the coplanarity of
Zr–C(�)–C(�)–H[72]. Chain transfer reactions should occur
more often at an E-last inserted-Mt bond.

Yoshida et al. in their study of E–N living copolymeriza-
tion by bis(pyrrolide-imine) Ti complexes with MAO carried
out chain-end analysis of a low molecular weight living
copolymer (Mn 1800,Mw/Mn 1.16, N content 50.8 mol%) by
13C NMR spectroscopy[34]. Due to the alternating nature
of this copolymer, if the polymerization would start with E
insertion into the Ti CH bond of an initial active species
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Scheme 4. Unsaturated chain ends observed in E–N copolymers obtained
with catalyst Me2C(Indenyl)(Cp)ZrCl2/MAO [73].

Detailed studies on chain termination and transfer reac-
tions have been carried out in Prof. Brintzinger’s group
[73]. They were able to detect and identify various
types of chain end in E–N copolymerization promoted
by Me2C(Indenyl)(Cp)ZrCl2/MAO (I-8) and rac-Et(2-
tBuMe2SiO-Indenyl)2ZrCl2/MAO. I-8 had been selected
since it was shown to give rather low molar masses andrac-
Et(2-tBuMe2SiO-Indenyl)2ZrCl2 had been observed to give
extensive chain transfers to aluminum in ethene polymeriza-
tion.

In copolymers obtained with catalystI-8/MAO, which
contain less than 15 mol% N, the only unsaturated groups
present were vinylidene groups, VDE and VDN identified by
a 1H NMR signal at 4.8 ppm and by13C NMR signals at
107.6 and 147.0 ppm (Scheme 4). The authors have assumed
that ethylpolymeryl-substituted vinylidene end groups arise
via –H transfer after insertion of a 1-butene unit. Indeed, ethyl
branches arising from 1-butene insertion have been observed
in these copolymers, likely due to dimerization of ethene to
1-butene by this catalyst under the conditions used. Thus, the
polymer chain appears to be terminated mainly by a (more
facile) –H transfer from the tertiary C atom of one of the rare
ethyl branches, rather than from a secondary C atom of the
more abundant straight-chain CH2 groups.

More interestingly, in copolymers with increasing nor-
bornene contents prepared by catalystI-8/MAO and rac-
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o d
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T s to
b r-
b rom
v th
t nit.
A on
i etic
C tart
( e to
–

S

3
he possible chain-end structures which should be consi
or the copolymer are CH3–E–E–, CH3–E–N–, CH3–N–E–
or the initiation chain ends and E–E–, E–N–, N–E–
he termination chain ends. However, no signals ari
rom CH3–E–E– and CH3–E–N– chain-ends were detect

signal at 15.8 ppm assignable to the methyl carbo
he chain-end structure CH3–N– was observed. Moreov
he signals at 40.6, 41.0, and 45.0 ppm were detected
ssigned to C3, C4, and C2 originating from the CH3–N–
hain end, respectively. Thus, the authors concluded
he polymerization by bis(pyrrolide-imine) Ti complexes
nitiated by N insertion, which forms the CH3–N– chain-
nd structure. This fact is an additional indication of
igh incorporation capability of the catalyst system
.
On the other hand, the terminal chain end struct

ppeared to be N–E–, since the signals at 29.1, 35.4, 36.
8.6 ppm were detected and assigned to C5, C7, C4, a
elonging to the N–E-chain end, respectively. No signa
a. 12.1 and 12.0–14.0 ppm arising from the CH3 of E–E– and
–N– were detected. According to the authors these o
ations indicate that the catalytically active species mo
xists as a Mt–N-last-inserted species during the polyme
ion time. This is in agreement with our conclusion deri
rom the number of metal active species calculated f
olymerization kinetics[66] and with Choi’s results[62] in
–N copolymerization promoted by metallocenes. All th

esults suggest that, under the conditions employed, t
nsertion into the Mt–E species is much faster than th
nsertion into the Mt–N species.
t(2-tBuMe2SiO-Indenyl)2ZrCl2/MAO, increasing fraction
f normal vinylic end groups (1H NMR multiplets at 5.0 an
.9 ppm) and norbornenyl end groups (olefinic proton si
t 5.5 ppm) have been detected with comparable inte
hus, at higher [N]/[E] feed ratios chain growth appear
e frequently started via vinylic CH bond activation by no
ornene; vinylic end groups could be derived either f
inylic C H bond activation by ethene or via chain grow
ermination by –H abstraction from a last-inserted E u
ccording to the authors[73], as norbornene incorporati

nto the copolymer chain approaches its limit, metath
H activation under formation of a norbornenyl chain s

Scheme 5) becomes an increasingly prevalent alternativ
H transfer.

cheme 5. Norbornenyl chain start from vinylic CH activation[73].
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Addition of aluminum alkyls or zinc alkyls (AlR3 or ZnR2,
R = Me or Et) to the systems allowed the same authors to
study chain transfer reactions from the Zr centers to the alu-
minum of the cocatalyst. The degree of chain transfer to the
cocatalyst should be revealed by the excess of saturated over
unsaturated chain end groups. Although it was not possible
to quantitatively assess such ratios, studies of catalytic activ-
ity and masses of copolymers prepared in the presence of
various amounts of AlR3 or ZnR2 revealed that chain trans-
fer from copolymers growing at a Zr catalyst center to Al
or Zn centers occurs to a considerable extent with both cata-
lysts studied. Al(iBu)3 was found to have an activating effect
in polymerization activity and to increase copolymer molar
masses. Increased molar masses of copolymers obtained in
the presence of added Al(iBu)3 indicated that the AliBu
unit has no tendency to exchange iBu group for a poly-
mer chain growing at a Zr center. These observations have
also been interpreted in terms of reversible adduct forma-
tion between Al or Zn alkyls and cationic zirconocene alkyl
species.

2.9. Density functional studies of E–N copolymerization

The above reported systematic experimental studies on
metallocene catalysts allowed the identification of factors
governing the copolymerization activity, copolymer tactic-
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initiate with the formation of the Ti–N–CH3 species. Since
this catalyst favors the synthesis of an alternating copoly-
mer, the polymer chain will grow through the insertion of
E into the Ti–N–CH3 bond. The DFT calculations of rela-
tive formation energies indicated that the N coordination to a
Ti–E* species results to be more stable than the correspond-
ing E-coordinated species by 8.33 kJ/mol. This is indicative
of dominant N coordination to the Ti center of the E-last-
inserted species. The coordination of highly nucleophilic and
sterically encumbered N to the E-last-inserted active species
would reduce the electrophilicity of the active species. The
N steric encumbrance in the vicinity of the active site would
probably limit chain transfers to monomer or to alkyl Al
species. Moreover, the N-last-inserted species is quite sta-
ble toward chain transfers because of the difficulty in�-H
transfers.

In contrast, E-coordination to a Ti–N* species resulted
to be more stable than the corresponding N-coordination by
5.70 kJ/mol, which may result in the formation of the N–E
sequence.

Thus, Yoshida et al.[34] concluded that the highly con-
trolled living polymerization by the bis(pyrrolide-imine)Ti
complex/MAO system derives from the fact that the catalyst
possesses high affinity and high incorporation ability for nor-
bornene due its facile coordination to the Ti–E* species and
its fast insertion as well as from the living character of E
p

Z
m f N
t
[ ec-
t
e
t ed to
d ecu-
t that
t yl
u p-
p d
a gy
a is
(

3

3

ctic
p
E ass
( e
[ pre-
t iffi-
c ffer-
ty, and molar mass, in each catalyst group. Modern de
unctional calculations can help to understand fundam
al issues[74]. Kim and Klein [75] have recently reporte
FT studies to address questions such as what dictat
ominance of exo over endo configuration for a norborn
esidue in the resulting copolymer and how does a b
orbornene compete with ethene in the monomer inse
rocess.

They have performed density functional calculati
n simple metallocene ions Cp2ZrCH3

+ and H2Si(CpNH)
rCH3

+, representing metallocene and constrained-geom
atalysts (CGC), respectively. They have established
he sterically hindered norbornene competes with et
uring the insertion. According to these calculations,
ornene is highly reactive at low temperature becaus
yclopentyl group helps the insertion providing additio
gostic sites and ring strain, instead of hindering the in

ion due to steric barriers. This effect becomes more ma
n the less sterically hindered catalyst. Steric interac
etween the bulky ethene bridge of norbornene and
lysts resulted to unfavor endo-norbornene insertion.
on-reactivity of a structurally similar bicyclooctene seem

o derive from the small geometric difference, which gre
ffects the agosticity, steric hindrance, and ring strain
ycloolefin.

DFT calculations coupled with polymerization behav
ave been helpful to Yoshida et al. to understand the o
f living E–N copolymerization by the bis(pyrrolide-imine)
omplex/MAO system[34]. As referred above, from th
nalysis of chain-end groups the polymer chain seem
olymerization with this catalyst.
Fink et al. performed DFT calculations on H2C(Cp)2

r–NN complexes to model the feasibility of�-bond
etathesis, which explain the observed formation o

etramers and pentamers, with unusual linkages, byI-8/MAO
19]. By means of X-ray crystallography and 2D NMR sp
roscopy, norbornene resulted to be connected by2-exo,2′-
xo linkages except for a2-exo,7′syn-exo linkage in the
etramer and pentamers. This structure was hypothesiz
erive from�-bond metathesis occurring after three cons

ive N insertions as a result of a conformational change, so
he syn hydrogen at 7′ can interact with Zr. Then the Zr-alk
ndergoes a newcis-2,3-exo insertion. DFT calculations su
orted this hypothesis: a�-agostic conformer initially forme
fter norbornene insertion can rearrange into a low-ener�-
gostic conformer, suitably oriented for�-bond metathes
Scheme 6).

. Propene–norbornene copolymers

.1. Synthesis and structure

The incorporation of norbornene into the isota
olypropene chain was expected to feature higherTg than
–N copolymers with the same N content and molar m

MM) since polypropene (PP) has a higherTg than polyethen
50,49,51,43]. It was to be expected that a detailed inter
ation of P–N copolymer spectra could meet greater d
ulties than those met in E–N copolymers. Indeed, di
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Scheme 6. Mechanism proposed by Fink and co-workers[21] for the combination ofcis-2,3-exo insertion and�-bond metathesis in N polymerization with
catalystI-2.

ences in stereo- and regioregularity of propene units as well
as in the comonomer distribution and the stereoregularity
of the bicyclic units will originate complex microstructures
of the polymer chain and complex spectra. Likely, that is
the reason for the limited reports on these copolymers. At
the onset of our investigation[28,29] to the best of our
knowledge only one article concerning propene–norbornene
(P–N) copolymers had been published[76] besides
short references to propene-based co- and terpolymers
[3].

3.1.1. P–N copolymers with isolated N units
CatalystsI-2 andI-4 were selected asansa-metallocenes

of C2 symmetry that have proven effective for producing pre-
vailingly isotactic and regioregular polypropene[78] as well
as E–N copolymers with a tendency to alternate[50,26,60].
CatalystIII-1 was selected as a metallocene ofCs symme-
try which yields prevailingly syndiotactic polypropene and
is very active in E–N copolymerization.

In Table 9, copolymerization activities and copolymer
properties obtained withI-2/MAO and I-4/MAO, at 30◦C
are compared with previous Henschke’s results[76] obtained
with I-4/MMAO at 60◦C. The table shows that as the
feed ratio ([N]/[P]) increases the productivity decreases, as
expected. The polymerization activities ofI-2 andI-4 were
found to be quite low especially when compared to those
o peri-
m

a
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n even

more sterically crowded than the sites formed after a propene
(2,1) region-irregular insertion, which have a lower reactiv-
ity with respect to sites with a primary growing polypropene
chain[78].

On the basis of the final assignments discussed below it
was possible to estimate the molar fractions of norbornene
(fN) and propene (fP) incorporated in these copolymers. The
observation of a great discrepancy between the values of
comonomer content obtained from the areas of norbornene
signals and those calculated from the propene methyl signals
and of the CH2 peak area confirmed the existence of propene
1,3 mis-insertions in the Mt–N bond.

In contrast to the low polymerization activity, a surpris-
ingly high norbornene incorporation was reported[76] using
I-4, although to date no NMR spectra nor details of such cal-
culations are published. The very low polymerization activi-
ties obtained withIII-1 seems to be indicative of even greater
difficulties of insertion of propene into the Mt–N bond of this
catalyst than into the Mt–N carbon bond of catalystsI-2 and
I-4.

With the help of DEPT spectra and of the signal assign-
ments obtained we could derive a set of equations relating
the peak areas to copolymer composition, thus obtaining an
N content value which is the most accurate estimate at the
present level of assignments.

These results confirm that, in the presence of the catalysts
s ctiv-
i tain
P ene
t It is
c nene
btained for E–N copolymerization under analogous ex
ental conditions.
This seems to result from the difficulty of inserting

ropene into the Mt–tertiary carbon bond formed after
orbornene insertion (Mt–N). Indeed, such a situation is
elected, despite the relatively lower polymerization a
ty, at low norbornene/olefin ratios it is possible to ob
–N copolymers which are relatively richer in norborn

han the E–N copolymers prepared in similar conditions.
onceivable that this could arise from the fact that norbor
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Table 9
P–N copolymerization: activities and properties

Symmetry Catalyst Activity (kg pol/mol Zr h) [N]/[P] N mol% incorporated Tg Mw (×10−3 g/mol) Mw/Mn Ref.

C2 I-2a 164 0.05 16 19 14.7 2.68 [28]
107 0.07 25 37 11.1 1.21 [28]
70 0.10 13 47 – – [28]
56 0.26 35 119 16.6 2.16 [28]
33 0.67 33 139 45.5 2.23 [28]
9 1.00 41 129 43.1 2.21 [28]

I-4a 122 0.05 14 26 17.1 3.66 [28]
53 0.10 21 50 36.8 1.86 [28]
38 0.25 29 87 17.0 2.2 [28]
8 0.67 32 108 24.7 1.69 [28]
4 1.00 n.d. 115 25.6 2.08 [28]

I-4b 320 0.11 11 22.4 7.6 1.8 [76]
140 0.33 33 83.7 10.5 1.8 [76]
100 0.67 40 101.2 10.2 1.8 [76]
60 1.00 56 140.5 5.4 2.9 [76]
40 2.33 73 173.7 4.9 3.2 [76]

Cs IV-5c 900 0.30 17 53 71.9 1.18 [79]
1575 0.60 36 112 105.4 1.11 [79]
865 1.13 58 198 157.3 1.14 [79]
895 2.00 71 249 180.9 1.16 [79]

a Polymerization condition: MAO/Zr = 2000, [Zr] = 2× 10−5 mol/L; PP = 1.013 bar,T = 30◦C.
b Polymerization condition: MAO/Zr = 370, [Zr] = 1.5× 10−5 mol/L; PP = 1.013 bar,T = 60◦C.
c Polymerization condition: MAO/Ti = 400, [Ti] = 6.67× 10−4 mol/L; PP = 1.013 bar,T = 20◦C

competes more easily with propene than with ethene. Under
similar polymerization conditions,III-1 allows for a lower
N incorporation than catalystsI-2 andI-4. It is worth not-
ing that theMw values of the P–N copolymers are quite low
in comparison to those of E–N copolymers[76]. In general
Tg values are rather low, owing to the low molar mass of
the polymer samples, as well as to a significant amount of
propene 1,3-misinsertions.

3.1.2. P–N copolymers with norbornene blocks
During the preparation of this review Shiono and co-

workers have published a very interesting report on the P–N
copolymerization conducted with dimethylIV-5 [79]. They
had previously reported that this metallocene when activated
with Me3Al-free MAO (dried MAO) yields living propene
and norbornene homopolymerization[80,81]. P–N copoly-
merizations were carried at 20◦C under atmospheric pres-
sure of propene. DimethylmetalloceneIV-5 was activated
by Me3Al-free methylaluminoxane (dried MAO), modified
methylaluminoxane (MMAO), and Ph3CB(C6F5)4/Oct3Al.
The system activated by Ph3CB(C6F5)4/Oct3Al was the most
active one and yielded the copolymer with the lowest molecu-
lar weight and broadest molecular weight distribution. Dried
MAO yielded the copolymer with the narrowest polydisper-
sity. The norbornene content in the copolymer was almost
p -
m in the
c -
e

3.2. Microstructure of propene–norbornene copolymers

3.2.1. P–N copolymers from C2 symmetric catalysts
Fig. 13displays the13C NMR spectrum of a P–N copoly-

mer prepared withI-2/MAO, at [N]/[P] feed ratio of 0.26,
along with the final signal assignment. The structure and car-
bon numbering of an isotactic P–N copolymer are sketched
in Fig. 14. Cis-2,3-exo norbornene insertion is considered
to occur into the metal–carbon bond as in E–N copolymer-
ization. All propene consecutive monomer units have the
methyls in erythro relationships as in an isotactic polypropene
chain.

The spectrum inFig. 13 shows seven groups of signals
with comparable areas due to the norbornene carbons in
agreement with the lack of symmetry in the norbornene unit

F eed
r

roportional to the N/P feed ratio andTg of the P–N copoly
ers increased linearly against the norbornene content

opolymers, from 53 to 249◦C. The copolymer with the high
stTg contained 71 mol% of norbornene.
ig. 13. 13C NMR spectrum of P–N copolymers prepared, at [N]/[P] f
atio = 0.26, in the presence ofI-2/MAO.
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Fig. 14. Structure and carbon numbering of an isotactic P–N copolymer
with isolated N units. (Reprinted with permission from Macromolecules 36
(2003) 882–890, Ref.[28].)

of the structure depicted inFig. 14. DEPT experiments and
comparison of the chemical shifts of these signals with those
of E–N copolymers allowed us to make a first assignment of
the main signals of these copolymers. Ab initio theoretical
13C NMR chemical shifts, combined with RIS statistics of
the P–N chain, gave detailed indications[29] for the final
13C NMR assignment for copolymers with N isolated units,
shown inFig. 13andTable 10.

3.2.2. P–N copolymers from a Cs symmetric catalyst
The spectra of P–N copolymers obtained withIII-1

revealed to be even more complex and showed a multitude of
signals with low intensities. A limited assignment of the spec-
trum has been achieved with the help of DEPT spectra and
comparison with chemical shifts of syndiotactic polypropene
(s-PP) and with those of P–N obtained withC2 catalysts[77].

At present the complexity of the spectra of these copoly-
mers prevents from drawing safe conclusions on the tacticity
of these copolymers and on regio-regularity of propene inser-
tion in the vicinity of the norbornene unit. However, the
limited assignment of the spectra allows us to evaluate the
norbornene content and to demonstrate the low tendency of
theCs symmetricIII-1 to give 1,3 propene mis-insertions in
P(N copolymers.

3
M

cat-
a -
t are
c ugh
t wide

Fig. 15. The structure of a random P–N copolymer with N blocks produced
with Me2Si(Flu)(tBuN)TiMe2 [81].

range of chemical shifts from 14 to 57 ppm. The authors
gave a preliminary assignment with the help of DEPT spec-
tra and comparison with the spectra of polynorbornene and
E–N copolymers prepared with the same catalyst[80]. Such
an analysis suggested that in these copolymers norbornene
units can be connected to the propene unit, that is, isolated
or alternating and/or to norbornene in NN dyad sequences.
The signals around 50–55 ppm indicated that also longer nor-
bornene sequences are present. Thus, the microstructure of
these copolymers is random as shown inFig. 15.

4. Outlook

Considerable progress in the synthesis of cycloolefin
copolymers, in the elucidation of their microstructure, and
in the understanding of the copolymerization mechanism
has been achieved in these years. Here, for the first time an
overview is given of the mechanism for reaction paths taking
part in the catalytic cycle in E–N copolymerization in general,
and in living norbornene copolymerization in particular, by
metal transition catalysts. Nevertheless, there remain some
of most challenging areas for further research: (i) the syn-
thesis of catalysts for the incorporation of high norbornene
content; (ii) the elucidation of spectra of copolymers with
l ion
o high
N ing
c the
r tent
a xam-
p les
o ave
u ppli-

T
A with N

P

C

C 9.69)
P
C 6.56)
T
C 4.19)
S

.2.3. P–N copolymers from catalyst
e2Si(Flu)(tBuN)TiMe2

The structure of the P–N copolymer produced with
lyst dimethylIV-5 was investigated by13C NMR spec
roscopy [79]. The spectra of these P–N copolymers
ompletely different from those reported above, altho
hey also contain a large number of signals in the same

able 10
ssignments of13C NMR chemical shifts for carbons of P-N copolymers

ropene

arbon Expecteda [27] Observed

H3 (mmmm) 18.43–20.43 (1

� 20.9 21.24
H (mmmm) 26.10–26.80 (2

� 32.30
H2 (mmmm) 43.64–44.69 (4

� 36.58

a From ab initio and RIS statistical calculations.
ong N blocks and of P–N copolymers; (iii) the reduct
f the brittleness of these copolymers when they reach
content; (iv) the possibility of independently modulat

omonomer content,Tg, and molar mass. Promising are
esults on E–N and P–N copolymers with high N con
nd molar masses. Interesting also are the increasing e
les of living E–N copolymerization, with a few examp
f block copolymers. These block copolymers may h
nique properties and be applied to a broad spectrum of a

isolated units

Norbornene

Carbon Expecteda [27] Observed

C5 27.24 27.34
C6 29.79 30.10
C7 31.98 31.91

C1 37.1 37.28
C4 40.8 41.54

C3 43.8/44.3 45.61
C2 52.5/53.0 53.33
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cations such as compatibilizers, elastomers, and composite
materials.
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